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THERMAL LOADING IN THE LASER HOLOGRAPHY NONDESTRUCTIVE
TESTING OF A COMPOSITE STRUCTURE

I. INTRODUCTION

Holographic interferometry has been applied to the detection of bonding voids in
rubber-to-metal, plastic-to-metal, and metal-to-metal laminates by the inspection of the
deformation of the laminate surface [1] and the detection of defects of the bond
between an inert solid fuel propellant grain and a polymer liner in the case of solid-fuel
rocket motors [2]. Recently a unique laser holographic interferometry method with
variable sensitivity has been successfully applied to the detection of tiny thin tapes (of
thickness of 2.54 x 103 cm and an area of 1 mm?) underneath a thick ceramic-epoxy-
fiberglass composite plate [3] (of a thickness of 1.94 cm and an area of 232 cm?).
Planted debonds hidden inside the same plate have also been discovered in the same
holographic nondestructive testing (HNDT) system while a pressure loading technique was
applied.

All the aforementioned work has been based on the principle that stress-induced
small surface deformation can be observed by the effect of constructive or destructive
interference fringes either between the deformed object and the virtual image in the
real-time case or the two virtual images displaced from each other in the case of double
exposure. However, it is well known that, in general, two other object loading techniques
are also available, namely, thermal loading and vibrational loading. In this report, the
discussion shall be confined to thermal loading which offers an alternative means for the
detection of debonds in the fiberglass-epoxy-ceramic radome structure.

An earlier report indicated that the results of the application of thermal loading
to the detection of debonds in metal-to-metal structures were not encouraging [4].
Anomalous temperature-sensitive holographic fringe behavior was obscrved when such a
loading was applied in the nondestructive testing of certain carbon-fiber reinforced
plastics-skinned honeycomb structures [5]. None of these papers has presented a
theoretical analysis of the thermal loading system that was applied.

The purpose of this report is to discuss the variable sensitivity HNDT system,
present a mathematical analysis of the physical model of the thermal loading of the
composite test samples, and provide a qualitative verification of the analytical results of
the experimental observations.

The principles of the variable sensitivity laser holographic testing system are
discussed in Section II. The test samples and the loading method are included in Section
[II. In Section IV, a simple model describing the thermal current conduction in the
composite material is given. The experimental results are presented in Section V. Section
VI provides the conclusions.



11. PRINCIPLES OF THE HNDT SYSTEM

To date holographic nondestructive testing has included many forms of wave
interference phenomena. The following is a partial listing of some of the more useful and
promising techniques:

1. Optical holography.
a. Double-exposure techniques.
b Real-time technique.
c. Vibration analyses technique.
d Correlation technique.

2. Acoustical holography.

3. Acousto-optical holography.

A summary of such techniques and descriptions of each may be found in
References 6 and 7.

The first three optical holography techniques (a, b, and ¢ above) are perhaps the
most commonly applied techniques. Originally, however, each of these techniques
required a specific arrangement of optical components, depending on what was to be
tested and how it was to be loaded or stressed in order to locate a flaw or debond.

Recognizing that the sensitivity of the optical system employed is dependent on
the direction of the light propagation vector with respect to the stress plane of the
object, a new HNDT system which permits any form of loading (i.e., changes in subject
amplitude as a result of loading) has been developed {8, 9]. This is accomplished by
proper selection of geometry which allows minimum change in optical components to
control the expected sensitivity [10].

This new system called a Composite Mobile Holographic Nondestructive Testing
(CMHNDT) technique has variable sensitivity and, consequently, allows the three
previously mentioned optical holography techniques to be combined into one hybrid type
system. This hybrid system was used in the present thermal study and will now be briefly
described. Using a variable sensitivity system, all three primary methods of HNDT can be
accommodated with basically the same holographic arrangement (see Figure 1). Configu-
ration No. 1 may be described as follows: Radiation emitted from the laser is incident on
the field mirror assembly which contains a spatial filter and essentially a beam splitter.
This assembly or unit is translatable to the left along the path ASb. The reflected portion
of the radiation is made incident on the micrometer translatable object in such a
direction as to make an angle equal to 0 with the perpendicular bisector of this object.
This radiation is then turned antiparallel to itself where it passes on to the film recorder.
The film recorder is itself translatable to the right along the path Af.
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Figure 1. Composite Mobile Holographic Nondestructive Test System.
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The radiation transmitted through the field mirror assembly is incident on mirror
M, which is itself translatable to the right along path Am. From here it is turned to be
incident on the film recorder and interferes with the object beam.

Configuration No. 2 may be traced in a similar fashion, except that the object
beam makes some angle & > 0 with the perpendicular bisector of the object.

The system is composite because one needs to only slightly manipulate three
components (field mirror assembly, mirror M, and film recorder) to change from one
method of HNDT to another. It is not necessary to establish a new geometry in order to
perform the various HNDT methods. The system is mobile because all of the optical
components are mounted on a precalibrated rigid table and may be locked in any
position along their translatable paths. The system has variable sensitivity (which affords
the composite structure) by virtue of the control over the angle 0 which the object beam
makes with the perpendicular bisector of the object.

Attention is directed to the equation of the double-exposure technique where the
zeros indicating the presence of fringes occur for

2n-1
2(cos 8, + cos 0,)

Consider the case of 8, = 0, = 0 deg, A = 5145A for an argon laser; then this equation
becomes :

(2n-1) A (In-1) 5145 A
= -_— p— = _1'1— —_—_———— N
m n 2 1

which says that the movement of the object (parallel or antiparallel to the k vector) of
0.1286 um will be sufficient to cause one fringe to appear on the object.

On the other hand, consider the case of 8, = 6, = 75 deg and, again, A = 51454,
then this equation becomes
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which says that, in order to obtain one fringe on the object, the movement of the object
(in the same direction) must be as great as 0.4970 um. While both of these movements
are small, their relative values differ by about one-half order of magnitude. This provides
an indication of the variation of sensitivity of this system by the minute adjustment of
three single components on a precalibrated mobile table. The table is precalibrated in

terms of the desired sensitivity.

Figure 2 is a schematic of this system as it was employed for this thermal study.
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Figure 2. HNDT system diagram.
1. TEST SAMPLES AND THE THERMAL LOADING SYSTEM

A. Test Samples

The test samples were fiberglass-epoxy-ceramic sandwich structure as illustrated in
Figure 3. Three kinds of flaws or debonds were programmed into the structure, as
outlined by the dashed lines which represent the location projected on the 15.3 cm by
15.3 cm fiberglass surface. Three test samples of this type were provided. Common to
these three samples, which are called test plates No. 1, No. 2, and No. 3, was an AF-32
plug precured all the way through the epoxy layers, as shown in the right-hand corner of
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Figure 3. The structure of test samples.

Figure 3. Plates No. 1 and No. 2 had
fingerprints of grease in the epoxy-ceramic
interface, and the same type of fingerprints
were put in the fiberglass-epoxy interface on
plate No. 3. The vertical positions of the
2.54 cm diameter Teflon circles for the
three samples were all different. The circle
was on fiberglass for plate No. 1, on ceramic
for plate No. 2, and in the middle of the
four plies of epoxy for plate No. 3. These
test plates are shown in Figure 4. Figure 4. Test samples (1. to r., plate
No. 1, No. 2, and No. 3).

B. Thermal Loading System

The design diagrams of the sample holder assembly and the heater connection are
shown in Figure 5. The heater is connected through a variac to the ac source. The heater
unit design is shown in Figure 6. The unit primarily consisted of a piece of 15 cm by 15
cm copper with an epoxy-glass laminate on its back and 0.02 cm stainless steel wire
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Figure 5. Design diagram of sample holder assembly and the heater plate
connection in the thermal loading system.

wound on the glass surface. The wires are fastened to the glass surface by the glass
epoxy. When current is passing through the wires and steady state is reached, uniform
temperature on the front copper surface can be achieved.

The test sample holder and the overall view of the system are shown in Figure 7.
In Figure 7a the variac is shown in the upper left corner, and its connection to the
sample plate holder is shown in Figure 7b.

IV. THEORETICAL DISCUSSION OF THE THERMAL LOADING

Consider the cross section of the test plate as shown in Figure 8. The planted
flaw is shown as the shaded region which has a front surface area A2. The test plate has

a front surface area Al' The symbols Tx’ Ty, Tz’ and T2, T1 represent the temperature

at the boundary surfaces and the two end surfaces, respectively, when steady state is
achieved.  The thickness of the various layers is expressed by L, Ly, Lx, and Ly.

Thermal conductivities for the different layers are denoted by kl’ k2, kX, and ky’
respectively.
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Figure 6. Design diagram of a glass laminate heater.

Assuming that (1) all the surfaces and interfaces have reached a uniform
temperature as indicated in the figure, (2) lateral thermal current flow is negligible, and

3) T7 > Tl’ we may express the thermal current density j1 through path 1 as follows

jp =k (T, - TP,

I

ky (Ty - Tz)/Ly
= kX (TX - Ty)/Lx

= k2 (T2 - Tx)/L2 (1)
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a. Sample holder.

b. View of entire system.

Figure 7. Test sample holder and overall view of the systen.

Notice that equation (1) in effect contains four equations, and the equivalence of these
terms is based on the principle of current continuity. Solving equation (1) for j1 by

eliminating T_, T., and T_, we obtain
Xy z
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iy (T2 Tl) (Ll/kl + Ly/ky Lx/kx + L2/k2) )

This equation is a general expression for the steady-state thermal current density which is
dependent on the material composition of the test plate. Similarly, thermal current

density j2 through path 2 may be expressed by

]

iy = Kk (T, - TP

1l

ky (TX - Tz)/(Lx + Ly)

ky (T =TI/,

Solving for j2 from equation (3) by eliminating TX and Tz’ we obtain

j2 = (T2 - Tl) [Ll/kl + (LX + Ly)/ky + L2/k2]

10

(3)

(4)
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It is important to see the difference between j1 and j2, since it is this difference

which will cause the surface variations. After some arithmetic manipulations, percentage
change of current density can be shown for the case ky > kx as

1 1
I0OL, [— - —
X kX ky
A.] = 100 x 02—.]1)/]2 = L ’ L L L (%) . (5)
1 X y 2
—_ + — + 2 4+ =
kI kx ky k2
On the other hand, if kX > ky, then
100 L 1 :
X ky kX
Aj = 100 x Gy =iy Lo L [ (%) : (6)
1 X y 2
— + =+ 2L 4+ =
k1 ky ky 5

For example, if one considers kg, ky, ky, and kq to be the thermal conductivities of the

ceramic, Teflon, epoxy and fiberglass (S-glass), then their values are approximately 8.63 x
1073 watt/cem-"K [11], 294 x 1073 watt/cm-"K [12], 6.06 x 107 watt/cm-°K, and
20 x 107® watt/cm-"K [13], respectively. The lengths L, LX, Ly, and L1 for the
composite plate in the present case are about 0.95 ¢m, 7.62 x 107 c¢m, 0.228 c¢m, and
0.206 cm, respectively. Since kX > ky’ one substitutes these values into equation (6) and

obtains the percentage variation of current densities as follows:

I 1
7.62 x 107 - 100
: X <6.06 x 10° 294 x 10'3) X
U ) B = 0.67%
0206 762x10° 028 095
0% 105 6.06x 107  6.06x 10°  8.63 x 103

This difference of 0.67% in current densities Aj will cause different heat
absorptions in the two corresponding regions. Consequently, the amount of surface
variation due to the different thermal expansions in the Teflon washer region will be

11



different from the other surrounding regions. Laser holographic detection techniques
should be sensitive enough to see this surface variation for sufficient temperature

differences.
V. EXPERIMENTAL RESULTS

Before any of the test plates were put into the sample holder, a real-time
hologram of the heater was taken and precisely replaced in the HNDT system. The
purpose of doing this was to check the uniformity of the heat distribution over the
copper surface of the heater. Smooth concentric circular fringe patterns were observed
over the copper surface. With the addition of heat, the spacings between the fringes
became smaller but the uniformity was preserved. This result indicated that the copper
surface heated uniformly and that no flaw was shown in the heater.

When the test plate was placed into the sample holder, its surface temperature
was monitored by a copper-constantan thermocouple. The position of the thermocouple
was completely arbitrary; therefore, the temperature recorded should be considered as a
kind of local temperature at the thermocouple’s location. As wec shall see, this
temperature serves as a reference so that only its relative magnitude is of significance.
The location of the temperature measurement was not critical in the present case.

The real-time interference fringe patterns with the fiberglass side (of the test
plate) facing outward were recorded by a series of Polaroid pictures as the temperature
was varied. Some of the pictures are shown in Figure 9. From this figure, one can see
that the fringe patterns kept their uniformity, except at the edges, as the temperature
was increased. However, the nonuniformities on those edges were primarily caused by the
uneven stresses of the screws which were used to fix the test plates to the holder. Similar
photographs were recorded when a real-time hologram for the ceramic side of test plate
No. 1 was taken and replaced into the precision hologram holder. Photographs of these
are shown in Figure 10. From the apparent uniformity of the fringes it is concluded that
no flaw could be detected.

Following the same method, the fiberglass sides of plates No. 2 and No. 3 were
investigated in the HNDT system. Photographs of the real-time interference fringe
patterns are presented in Figures 11 and 12, respectively.

Figure 11 indicates that as the temperature on the fiberglass increased approxi-
mately 2°C, the flaws appeared in the form of nonuniformities of the fringes. These kinds
of nonuniformities did not occur for plate No. 1 as shown in Figure 9. The edge effect also
appeared as shown in the top center part in the picture. Figure 12 reveals phenomena
similar to those in Figure 11. Therefore, from these two sets of pictures, the fringe
patterns have disclosed all the three flaws programmed, as shown in Figure 3.




a. Real-time hologram taken at 21.25°C b. Same as (a) when T = 22°C.
and replaced in hologram holder.
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3 Figure 9. Real-time interference fringe pattern variations on the fiberglass
surface of plate No. 1 as the temperature increased.
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a. Real-time hologram taken at 19.2°C b. Same as (a) when T = 19.3°C. !
and replaced in the hologram holder.
(Photograph taken at 19.25°C)
¢. T=19.35°.
§
i
&
d. T=194°C. ¢. T =20.25°.
Figure 10. Real-time interference fringe pattern variations on the ceramic side of

plate No. 1 as the temperature of the heater was increased.



a. Real-time hologram taken at 18.4°C and replaced in the
hologram holder. (Photograph was taken at T = 18.6°C).
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d.

Real-time hologram taken at 19.8°C b.
and replaced in the hologram holder.

(Photograph was taken at T = 20°0).
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= 21.3°C. d. T =21.5°C.

Figure 12, Real-time interlerence fringe pattern variations on the
liberglass side of plate No. 3.
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It is interesting to note that the detection of these flaws could take place at a
surface temperature lower than the room temperature and within a surface temperature
variation of only a couple of degrees centigrade. The testing process is, therefore,
considered to be highly sensitive and nondestructive for this kind of composite structure.

The theoretical model discussed in the last section may be applied to explain the
results just obtained; i.e., differences in current densities cause differences in surface
expansion which, in turn, affects the fringe pattern variations. The fact that plate No. 1
showed none of the programmed flaws was probably due to the fact that the debonds
had rebonded again.

VI. CONCLUSIONS

It has been demonstrated by the experimental results that the present laser HNDT
system incorporated with the thermal loading technique was sensitive enough to detect
the preprogrammed hidden flaws from the fiberglass surface of the composite structure.
A simple theoretical model for the thermal current density difference between flaw
region and defect-free region has been formulated to explain the experimental results.
The difference in thermal current densities indirectly revealed itself as interference
pattern irregularities.

Assume that instead of the Teflon in the debond region there is an air gap of
width (denoted by LX as in Figure 8) 0.0762 mm. The thermal conductivity of air [13]

at 18.2°C is 0.25 x 107 watts cm™ °K’!. The current density difference may be
calculated if one substitutes the above value of thermal conductivity for kx into equation

(6) and keeps everything clse the same. After the substitution and some computation,
one obtains a current density difference of about 2.86 percent. The percentage is four
times that in the case when the gap is filled with Teflon. Therefore, it may be concluded
that reasonably small air gaps caused by epoxy debond should also be easily discovered
by the thermal loading method.

In addition to the experimental results reported herein, the thermal loading
technique was also applied to some thin Kapton cord material (of 2.54 x 102 cm thick),
copper-clad printed circuit boards. Planted flaws, such as pieces of thin wires which were
sandwiched between two boards, were also successfully detected. Since the testing
temperatures were so low, the loading method offered at least a complementary means
for the nondestructive testing of the composite structure.

George C. Marshall Space Flight Center
National Aeronautics and Space Administration
Marshall Space Flight Center, Alabama, September 1974
983-15-28-0000
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